Interspecific hybridization is essential to introgress resistance genes from Capsicum baccatum, a related species of cultivated pepper (C. annuum), since reliable genetic resources resistant to anthracnose have recently been identified within the C. baccatum germplasm. In conventional interspecific hybridization between the two species, hybrids could not be generated due to embryo abortion, which has been known to be a postfertilization genetic barrier. Some partially compatible cross combinations, determined through observations of embryo development after pollination, were identified using a large number of accessions of C. annuum as pistillate parents. Embryo rescue technique was successfully employed to produce hybrids in these partially compatible crosses. Immature seeds bearing torpedo or early cotyledonary embryos, developed 35-40 days after pollination, were excised and the embryos were cultured on MS medium with sucrose and plant growth regulators. Hybridity was confirmed by observation of corolla yellow spot as a dominant speciesspecific trait of C. baccatum and using random amplified polymorphic DNA (RAPD) marker analysis. All the hybrid plants displayed vigorous growth but complete pollen sterility. The hybrid sterility was overcome through intensive backcrossing using C. annuum as the pollen parent. Consequently, hundreds of interspecific BC 1 F 1 progenies were raised, and introgression of anthracnose resistance was confirmed in this segregating population.
Introduction
Interspecific hybridization has been used to introgress useful traits from wild and related species into cultivated varieties in many Solanaceous crops, particularly in terms of pest and disease resistance (Austin et al. 1985 , 1988 , Cubillos and Plaisted 1976 , Hogenboom 1972 , Maris 1989 , Rick and Chetelat 1995 , Simmonds 1966 . Tomato, potato and tobacco have provided classic examples of investigations into genetic barriers such as unilateral incompatibility, post-fertilization embryo and/or endosperm abortion and hybrid weakness and sterility in interspecific gene exchange (Pickersgill 1997) .
The Capsicum genus, native to South America, consists of 27 species: 5 domesticated and 22 wild-type species (DeWitt and Bosland 1993 , Pickersgill 1971 , 1997 . As genetic resources for breeding improved chili peppers (C. annuum), wild and related Capsicum species are useful not only for breeding disease resistance, but also for increasing the nutritional quality, yield and adaptation to stresses (Cordrey and Bergman 1979 , Greenleaf 1956 , Shuh and Fontenot 1990 . Nevertheless, with a few notable exceptions, such as introgression of TMV resistance from C. chinense or C. chacoense into C. annuum, interspecific hybridization has seldom been successful in resistance breeding of Capsicum (Pickersgill 1997) . The limited use of interspecific crosses in chili pepper is described to the fact that several types of cross incompatibility, similar to those of other Solanaceous crops, have been reported (Pickersgill 1997) . A Capsicum species with the chromosome number of 12 belongs to one of three species complexes: C. annuum, C. baccatum and C. pubescens. Each complex includes species that can hybridize, even with some difficulties. The C. annuum complex consists of C. annuum, C. chinense, C. frutescens, C. chacoense and C. galapagoense (Pickersgill 1971, Tong and Bosland 1999) . Several interspecific crosses within the C. annuum complex have been successful. For example, when the TMV resistance of C. frutescens was introduced into bell pepper (C. annuum) (Holmes 1934 (Holmes , 1937 , the fruit shape was improved through interspecific crossing of C. annuum and C. frutescens (Khambanonda 1950) and multiple flowering of C. chinense was introduced into C. annuum (Subramanya 1983) . However, there have been a few reports of interspecific crosses between complexes. These reports deal with the determination of the crossability and cause of interspecific incompatibility, based on cytogenetic studies rather than on breeding approaches. An interspecific hybrid of C. annuum and C. baccatum could not be developed without using special treatments such as embryo rescue technique, and the hybrid still showed complete pollen sterility (Smith and Haiser 1957 , Yang 2001 , Yoon et al. 2004b ). Consequently, it has been reported that embryo abortion and hybrid sterility were the common causes of the interspecific incompatibility between Capsicum species (Pickersgill 1992) . In addition, embryo abortion was demonstrated to have resulted from abnormal cell division of the zygote (Allard 1960) , while hybrid sterility from abnormal behavior of meiotic chromosomes and cell division during microsporogenesis (Egawa and Tanaka 1986 , Kumar et al. 1987 , Smith and Heiser 1957 , Yoon 2003 .
Anthracnose, caused by Colletotrichum spp. in Capsicum, has long been a serious problem in many Asian countries including Korea. The pathogen has been frequently detected in ripe fruits, seedlings, leaves and green fruits. The typical symptoms of fruit anthracnose, caused by C. gloeosporioides and C. acutatum, are water-soaked, shrunken lesions (Higins 1926 , Park and Kim 1991 , 1992 . In spite of the severity of pepper anthracnose, only a few reports on the genetic resources resistant to the disease and on the mode of inheritance of the resistance have been published (AVRDC 1999 , 2003 , Yoon and Park 2001 . In our previous study, useful genetic resources resistant to anthracnose were identified only in the C. baccatum germplasm, although hundreds of Capsicum accessions were screened during the last 5 years (Yoon et al. 2004a ). Thus, interspecific hybridization between C. annuum and C. baccatum is currently the only method considered for introgression of the resistance of C. baccatum into cultivated varieties. However, interspecific hybridization between C. annuum and C. baccatum is difficult, due to differences in the types, timing and severity of genetic barriers reported based on cross combinations.
The main objectives of the present study were as follows: 1) to determine the type of interspecific incompatibility, 2) to overcome the genetic barriers and 3) to transfer anthracnose resistance from C. baccatum to C. annuum.
Materials and Methods

Interspecific hybridization and backcrossing
Interspecific crosses of Capsicum annuum and C. baccatum were performed according to the procedures described by Yoon et al. (2004b) . Suitable flower buds of female parents were emasculated prior to dehiscence of the anther in the morning, and then pollinated with a freshly opened flower of the male parents. Pollinated flowers were covered with a waxed-paper bag for protection, and the bags were removed at about 10 days after pollination (DAP) in cases of successful fruit set. To evaluate the differences between the genotypes in terms of crossability with C. baccatum var. PBC81 (identified as being resistant to anthracnose), 41 C. annuum accessions were individually used as a pistillate parent. Interspecific hybrid plants raised from a partially compatible cross combination were only used as the female parent to introgress anthracnose resistance into the C. annuum background, as the pollen of the hybrids was completely sterile.
Microscopic observation for evaluating cross compatibility
To identify the type and timing of interspecific incompatibility, pollen tube growth in the style was examined in the entire cross combinations using the method of Kho and Baer (1968) . Developmental stage of zygotic embryos was observed by the method of Yang (2001) , with slight modifications. The fruits developed from 15 to 50 DAP were harvested at five-day intervals. The immature seeds of the fruits at each respective stage were sterilized with 1% Chlorax for 1 min and rinsed twice with distilled water. The sterilized seeds were then carefully excised and their embryo stage determined under both a dissecting and a stereo-microscope.
Embryo rescue
All the embryos from the globular to the cotyledonary stages were dissected from the seeds and cultured according to the method of Yang (2001) . Embryos were placed on MS (Murashige and Skoog 1962) basal medium supplemented with 10 µg/L IAA and GA 3 and 8% sucrose. Regenerated seedlings were sub-cultured on a medium composed of MS basal salts with 3% sucrose. The embryos were incubated at 25 ± 2°C under a diurnal photoperiod of 16 h/8 h (light/dark). Suitable regenerated seedlings were acclimatized and transferred to a greenhouse.
Confirming hybridity and characterizing BC 1 F 1 progenies
As a dominant morphological trait of the C. baccatum species, corolla yellow spot was observed to confirm the hybridity in the putative hybrid plants, and the segregating pattern of the trait was also examined in the BC 1 F 1 progenies. Additionally, random amplified polymorphic DNA (RAPD) marker analysis was employed. Genomic DNA was extracted from the young leaves of the plants by the method of Prince et al. (1997) and the DNA solution was diluted to 10 ng/mL of the working concentration with TE buffer and then stored at 4°C until use. Several arbitrary primers (10-mer) purchased from the University of British Columbia (UBC) and the Operon Technologies, Inc. were used as single primers for the polymerase chain reaction (PCR). The PCR analysis was performed in the T1 thermocycler (Biometra Co., Germany) and the PCR procedures followed the method of Williams et al. (1990) , with slight modifications. The amplification program was as follows: as an initial denaturation step, the samples were heated at 94°C for 5 min and then subjected to 40 cycles of 45 s at 94°C, 45 s at 36°C and 90 s at 72°C, with a final extension step at 72°C for 5 min. The PCR products were stored at 4°C and used for electrophoresis on 1.5% agarose gels stained with ethidium bromide.
Hybrid sterility test
Pollen grains collected from shattered anthers in the early morning were dyed with 1% acetocarmine and the size, shape and color were examined under a light microscope. The triangular, full-sized and well-stained pollen grains with red color were assumed to be fertile. Hybrid sterility was determined using a scanning electron microscope (SEM) JSM-5410LV, (Japan) according to the method of Gregory et al. (1999) with slight modifications. Pollen grains were fixed in 0.1 M cacodylate (pH 7.2) buffer with 15 Karnovsky fixative at 4°C for 24 h, washed three times with 0.05 M cacodylate buffer at 23°C for 20 min, and fixed in 1% osmic acid at 4°C for 2 h. For SEM observation, the fixed samples were washed three times in distilled water, incubated in ethanol series (50, 75, 90, 95 and 100%) for 30 min each, rinsed twice with 100% amyl acetate, dried to a critical point in a CPD 020 vacuum apparatus, coated with gold and observed using a microscope with 10 kV accelerating voltage.
Artificial inoculation of anthracnose pathogen
To confirm the introgression of anthracnose resistance from C. baccatum, interspecific BC 1 F 1 progenies were evaluated using an artificial inoculation method developed by Yoon et al. (2001 Yoon et al. ( , 2004a Yoon et al. ( , 2005 . The isolate, KSCa-1 (Colletotrichum acutatum), single-spored from an infected pepper fruit (Capsicum annuum), was used as inoculum source. For the wounding inoculation method, microinjection with a specialized gas-tight micro-syringe and a special needle with an accurate adjustable wounding depth was used. Detached fruits were washed once with distilled water and injected with 2 µL of the conidial suspension at three locations on the fruit epidermis to a depth of 0.8 mm. The inoculated fruits were placed in an acrylic box moistened with four layers of wet kitchen paper towel. As a control, the noninoculated fruits were placed in the same acrylic box. The acrylic boxes were tightly sealed to maintain near 100% relative humidity and incubated at 25°C for 48 h. The uncovered boxes were incubated for 12 days under the same conditions. Disease reactions of the plants were evaluated by the method of Yoon (2003) with slight modifications. The responses to the pathogen were divided into three groups as follows: resistance (R): less than 10% infection rate; moderate resistance (MR): 10 to 20% infection rate; and susceptibility (S): lesion development at a rate of more than 21%.
Results
Determination of interspecific incompatibility
No barriers were observed in the germination of pollen grains on the stigma or in pollen tube growth into the style for all the interspecific cross combinations between 41 Capsicum annuum accessions and a C. baccatum var. PBC81 (data not shown). Furthermore, it was no problem that fruit set in the all cross combinations, although the difference in the setting rate among combinations was appreciable. In spite of this fact, there were no cross compatible combinations, based on the examination by traditional methods (Table 1) . Only three lines, 'PBC534', 'CM334' and 'PBC716', were partially compatible with the 'PBC81' line. In these combinations, a few putative hybrid plants were raised naturally. Based on the observation of normal seed set at the early stages of fruit development (Fig. 1) and diminished levels of development at the later stages, we considered that embryo and endosperm development after fruit set involved to determine the type and timing of incompatibility. In a comparison of the development between selfed female parents and those crossed with 'PBC81', globular embryos developed at about 15 days after pollination (DAP) in the former, whereas nearly all the embryos were aborted in the latter cases, with few exceptions (Fig. 1) . Therefore, it appears that embryo abortion is the first genetic barrier in the interspecific hybridization of C. annuum and C. baccatum.
Pistillate-parental difference in embryo developmental stages
As the first step to overcome interspecific incompatibility, pistillate parental differences in crossability, determined by observing embryo development, were examined in order to identify a line partially compatible with C. baccatum var. PBC81. Among the 41 female parents, ten accessions (including three lines found to be partially compatible in the traditional crossability test) produced embryos at various stages of development at 40 DAP (Table 2) . Among the combinations, 'CM334' showed the highest frequency of embryo development with about 43% of developing embryos, followed by 'PBC534', 'Matikas' and 'C01664'. Alternately, all the embryos were completely aborted before the globular embryo stage (as shown in Fig. 1 ) in the other 31 combinations, which included 'HDA295', 'Perennial', 'Jeju-jaerae', 'Sotaecho' and 'Daepoong-cho' ( Table 2) .
Overcoming embryo abortion through embryo rescue Although some plump seeds were naturally harvested from the partially compatible crosses, we employed the embryo rescue technique due to the low harvest efficiency and rate of germination, even in the partially compatible crosses ( Table 1) . The other crosses continued to be incompatible, and failed to produce seeds. To develop an embryo rescue system, we chose the 'Matikas' line as an interspecific cross with 'PBC81', since the line displayed comparatively favorable horticultural traits and was highly susceptible to the anthracnose pathogen. The embryo developmental stages of the 'Matikas' selfed seeds and the 'Matikas' × 'PBC81' com-bination seeds were thoroughly compared. In the case of the 'Matikas' selfed seeds, globular (G), Heart (H), Torpedo (T) and cotyledonary (C) embryos developed on the average at 15, 22, 30 and more than 35 DAP, respectively ( Fig. 2A) , while every stage of embryo development for the interspecific cross was generally delayed by approximately 5 days. All the embryos excised were placed on the same culture medium and incubated under the same conditions. The embryos that developed beyond the torpedo stage easily regenerated to produce intact plants under the culture conditions adopted (Fig. 2B) . A few plants regenerated from embryos at the heart stage, while no plants were obtained from globular embryos (data not shown). All the regenerated plants were transferred to a greenhouse for continued growth through typical hardening procedures in an incubation room. AVRDC (1999) reported that these lines were partially compatible with a C. baccatum line.
2) -Not available, as no plump seeds were obtained. 
Confirming hybridity
Hybridity of the regenerated plants was identified through comparison of morphological traits and DNA banding patterns resulting from RAPD-PCR analysis of the parental lines. The morphological traits of the putative F 1 hybrid plants were primarily intermediate between the traits of the parents and were highly uniform. For instance, corolla yellow spot, a dominant C. baccatum trait, was observed in the F 1 hybrids although the intensity of the yellowing and number of spots clearly decreased (Fig. 3A) . In the RAPD-PCR analysis, all the DNA bands amplified from P 1 (C. annuum var. Matikas) and P 2 (C. baccatum var. PBC81), were also clearly amplified in the interspecific F 1 hybrids (Fig. 3B) . These results confirmed that embryo-rescued plants from the cross between 'Matikas' and 'PBC81' were true interspecific F 1 hybrid plants.
Producing a BC 1 F 1 population and introgression of anthracnose resistance by backcrossing
All the interspecific F 1 hybrid plants grew uniformly and vigorously. These plants also showed high numbers of flowers, similar to the commercial F 1 varieties (C. annuum). However, not all the pollen grains of the F 1 hybrids were viable. The hybrid plants produced as many pollen grains as the parents, but most of the grains were not stained by acetocarmine, and were therefore non-viable (Fig. 4A) . Also, the pollen grains of the interspecific hybrids were smaller and more shriveled than the pollen grains of both parents (Fig. 4B) . Therefore, interspecific backcrossing using the sterile hybrid plants as the female with the 'Matikas' line was required for the production of BC 1 F 1 progenies and introgression of anthracnose resistance. Fruit set rate was about 10%, while the number of plump seeds per fruit was about 3.5 and the rate of seed germination was about 73%. . Capsicum baccatum and all the putative F 1 plants exhibited corolla yellow spot (arrow) unlike the C. annuum parent (A). C. baccatum ('PBC81') specific bands generated by random primer OPA07 (upper, 5′-GAAACGGGTG-3′) and UBC389 (lower, 5′-CGCCCGCA GT-3′) were obtained in putative F 1 plants. The hybridity was also confirmed by the segregation between P 2 -specific bands (arrowheads) in the BC 1 F 1 progenies. M: standard λ DNA digested with HindIII enzyme.
Consequently, we were able to produce 270 BC 1 F 1 progenies from over 1,000 intensive backcrosses (data not shown). Hybridity of the BC 1 F 1 progenies was confirmed by the presence of corolla yellow spot and C. baccatum-specific DNA bands segregated from the population (Fig. 3B) . Among the progenies, 17 plants were discarded due to abnormal growth, 65 plants were completely sterile and 45 plants showed a very low fruit set. Thus, only the remaining 143 BC 1 F 1 plants were inoculated with an isolate (KSCa-1) of the anthracnose pathogen more than twice (Table 3 ). In the screening for anthracnose resistance, 31 plants among the 143 BC 1 F 1 progenies showing less than 10% disease incidence were evaluated as being resistant (R). This incidence rate was consistent with that of the 'PBC81' line used as the resistant donor parent. The disease incidence of the resistant parent was 4.5% on the average (data not shown). Other 36 BC 1 F 1 progenies with a disease incidence of 10-20% were grouped into the moderate resistance (MR) category, while the other 76 BC 1 F 1 progenies were evaluated as being susceptible (Table 3 and Fig. 5 ). Despite the fact that more than half of the BC 1 F 1 progenies screened were susceptible, variation in the disease incidence among these 76 plants was remarkable, ranging from 21% to more than 80%, and only five plants of the progenies were as highly susceptible as their susceptible parent, 'Matikas' (data not shown).
Discussion
Colletotrichum spp. causing anthracnose in chili pepper (Capsicum annuum) has been considered to be one of the most serious pathogens, reducing quality as well as yield in many Asian countries including Korea. Recently, several genetic resources of Capsicum resistant to the disease have been identified only in the C. baccatum germplasm (Yoon et al. 2004a) as well as several kinds of resistance mechanisms including cuticle thickening, changes in organelle morphology, formation of boundary layers and programmed cell death responses around inoculated sites (Kim et al. 2004 ). Since the resistant sources to the anthracnose pathogen were found only within the C. baccatum germplasm, interspecific hybridization is the main method considered for introgressing anthracnose resistance from C. baccatum into C. annuum. However, it has been reported that limiting factors, called genetic barriers, occur between the species (Yang 2001 , Yoon et al. 2004b , 2005 . In the present study, we found that embryo abortion was the first factor responsible for the interspecific incompatibility between C. annuum and C. baccatum and that abortion was observed prior to the globular embryo stage which occurred at about 15 days after pollination (Table 2 and Fig. 1 ). This type of genetic barrier has been widely reported in the Solanaceous crops, including tomato (Kamal et al. 2001 , Pickersgill 1997 , Takashina et al. 1997 . Premature embryo abortion was overcome by two steps. First, we observed pistillate-parental differences in zygotic embryo development between the diverse C. annuum lines that were individually used as the male parent. Among the 41 pistillate-parents, ten lines formed zygotic embryos, which developed after the globular stage in a range from 1.9% to 43% (Table 2) . A similar experiment was performed in an interspecific cross between Lycopersicon esculentum and 'peruvianum-complex' species, and hybrid plants were successfully produced (Egashira et al. 1999) . Second, embryo rescue technique was used to routinely produce interspecific F 1 hybrids (Fig. 2B) . Consequently, significant numbers of putative hybrid plants were raised from several different crosses by using this method (data only shown in the cross of 'Matikas' × 'PBC81'). All the interspecific F 1 hybrids, however, showed complete pollen sterility. This hybrid sterility is the second genetic barrier to interspecific crosses (Fig. 4) . Hybrid sterility has been ascribed to the abnormal behavior of meiotic chromosomes during microsporogenesis, according to Egawa and Tanaka (1986) (similar results were also obtained in the author's Ph. D. dissertation (Yoon 2003) ). The second genetic barrier was overcome by intensive backcrossing for which interspecific F 1 hybrids were used as the female parent and the C. annuum line as the male parent. This is the first report of the production of an interspecific BC 1 F 1 population by interspecific crossing between C. annuum and C. baccatum, although similar results have been reported in studies on tomato (Doganlar et al. 1997 , Kamal et al. 2001 . However, some of the interspecific BC 1 F 1 progenies displayed pollen sterility. Only 143 plants from the 270 plants originally produced were inoculated with the anthracnose pathogen (KSCa-1 isolate). The results of the present study confirmed the successful introgression of anthracnose resistance, due to the high proportion of progenies with levels of resistance similar to those of the resistant donor parent. The segregating pattern of disease reaction in the BC 1 F 1 population suggests that the resistance of 'PBC81' (C. baccatum) was transmitted dominantly by a major gene, in association with several minor genes. Recently, Voorrips et al. (2004) have reported that the anthracnose resistance of a C. chinense line was inherited both dominantly and quantitatively, based on the selection of a major quantitative trait locus (QTL) and several minor QTLs. This is the first report on the production of an interspecific BC 1 F 1 population and on the introgression of anthracnose resistance from C. baccatum into C. annuum. We successfully overcame two genetic barriers, namely embryo abortion and hybrid sterility via three steps: locating partially compatible pistillate parents, employing embryo rescue techniques and undertaking intensive backcrossing. These methods may be applicable to the introgression of favorable traits from wild or related Capsicum species to the cultivated variety. In conclusion, we were able to develop and select a number of introgressed BC 1 F 1 plants highly resistant to the anthracnose pathogen. These results could be very useful for genetic analysis, including QTL mapping of anthracnose resistance, as well as for the breeding of commercial F 1 hybrid varieties resistant to anthracnose.
